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The Influence of Horizontal Inhomogeneity
on Radiative Characteristics of Clouds:
An Asymptotic Case Study

Alexander A. Kokhanovsky

Abstract—The paper is devoted to analytical studies of the influ- techniques. There are semiempirical approaches to overcome
ence of horizontal inhomogeneity of clouds on their radiative prop-  this problem. They are based on the artificial increase of the

erties in the framework of the asymptotic radiative transfer theory.  refiection function measured to account for the horizontal inho-
Itis assumed that a cloud field is optically thick. Thus, only overcast

cloud fields are under consideration. The study is based on the in- mogeneity 9f a cloud field under study. The CorreCt_ m_agn'tUde
dependent column approximation, assuming Gamma distribution Of these adjustments, however, cannot be asslangri. So

of cloud optical thickness (COT) in the cloud field under study. This  they lack a physical basis. This issue is discussed in detail by
paper confirms all essential findings of cloud optics, concerningthe Pincus and Klein [37]. Also cloud inhomogeneity could lead to

influence of horizontally inhomogeneous clouds on transmitted, re- ; ; : ; At
; . ' unphysical dependencies of COT retrieved on illumination and
flected, and absorbed solar light. For instance, we found the de- phy P

crease of light reflection and absorption (negative biases) and the viewing geometry [25]. ) . ]
increase of light transmission (positive biases) for inhomogeneous Another way to solve the problem is to use three-dimensional
clouds as compared to the case of a homogeneous cloud field with(3-D) Monte Carlo calculations (e.g., see [44]). However, they
the value of optical thickness equal to that of an average COT gare time consuming for realistic clouds and can be used mostly

of an inhomogeneous cloud field. Analytical equations for biases ¢, thagretical studies and not as a core of operational cloud
of radiative characteristics (e.g., the reflection function, spherical

albedo, transmittance, and absorptance) are derived. Also, for the satellite retrieval algor!thms. Monte Carlq calculations have
first time, we established the relationships between biases of dif- Shown, however, that in some cases a high accuracy can be
ferent radiative characteristics. Analytical equations proposed are achieved if a 3-D cloud field is substituted B¥ noninteracting
simple and highly accurate for optically thick weakly absorbing  vertical columns or cells. A cloud field in each cell is modeled

cloud fields. They can be incorporated in large-scale atmospheric ; .
models for the simplification of radiation blocks both for homoge- as a horizontally homogeneous plane-paraliel layer of an

neous and inhomogeneous cloud fields in visible and near-infrared INfinite horizontal extent. The optical thickness (and possibly
spectral regions. microstructure) of each cell varies, depending on its position

in a cloud field. Such an approach is called the independent
column approximation (ICA) or the independent pixel approxi-
mation (IPA). The range of applicability of the ICA was studied

I. INTRODUCTION by Daviset al.[8] and Schreier and Macke [44].

HE INFLUENCE of the horizontal inhomogeneity of Effectively, the ICA reduces the 3-D radiative transfer

T clouds on their radiative characteristics is a major subje%lEOblem tongta?gard rag;\tlve tl;ar}sfer p_:%blems for hb(?mo-
of modern cloud optics studies [3], [6], [7], [9], [10], [12], 98NEOUS Me 'a-t h e”ﬁm rean be large. Thus, the problem
[25], [26], [38], [43], [44]. In particular, it was found that thererl't‘a'”S gom_p“ f_‘f_'ogahy very e?‘fpens"’e' i -
horizontal inhomogeneity of clouds effects their abilities to . can bé simplilied, NOWEVET, 1 ON€ applies approximate So-
absorb, reflect, and transmit solar light [11], [44]. Thus, clou tions of the _rad|at|ve transfer problem for each cloud cgll. It_ is
remote sensing techniques, based on the spectral reflect e usually in the framework of the two-stream approxmgtlon
method [1], [14], [18], [22], [32], [33], [40]-[42], should —[4], [36_3]. However, the accuracy of two-stream approxima-
account for the subpixel cloud horizontal inhomogeneity. Th}gons [29] is rather low as compared to exact radiative trans_fer
is not generally the case so far. calculations [16], [49]. Ir_1 par_t|cular, for some cases, errors in-

It is known that pixels with inhomogeneous clouds are darkgfdudc.eq byﬂthe a?pr(;xmatmn"car? be larger than g|ffehrences
than pixels with homogeneous cloud layers having the same Qe |at|ve| u(;«?s Igr .to”ﬁoq_tr? y omogent:lous 6|m (|jn omo—t
erage optical thickness [6]. This leads to the underestimatigﬁneous cloud Tields 1tseft. This approximation also does no

of cloud optical thickness (COT) by modern satellite retrievall oW to consider the bidirectional reflection function of clouds,
which is routinely measured by various radiometers and spec-

trometers on satellite platforms. With this in mind, we propose

. . . _here touse the asymptotic equations [51] of the radiative transfer
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The unability to deal with thin clouds is clearly a drawback
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of the approach presented here. However, the ICA itselfisin ¢ [\ 0=0.3
trouble in this case due to the horizontal photon transport [38]. _ oos |- =05
s |\ e p=0.7

Moreover, a great portion of clouds has COTs larger than 5-10 -

=1
(&

[50]. Thus, we believe that results presented here can be used ir 5

overcast conditions). ;
The main idea behind this paper (apart from the theoretical -
model proposed) is to quantify the effects of inhomogeneity of
clouds on their radiative characteristics in visible and near-in-
frared spectral ranges, where solar light absorption by clouds is 5
comparatively low. .
Our results can be also used in global circulation models  o.00 Kt
(GCMs), which currently entirely neglect the cloud horizontal °
inhomogeneity [27], [45]. In particular, this drawback leads
to inconsistency between the hydrologic and radiative transtgg. 1. cor distributionf(r) at various values gf. .
water content treatments in modern GCMs.
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It is known that even overcast cloud fields cannot be charac- T (4 1)
terized by a constant geometrical thicknégd43]. Instead,H , ) ,
varies along the cloud field. The same is true for the G@ind  @ndI' (1 + 1) is the Gamma function, defined as follows [23]:
also for other cloud parameters and properties, including their oo
reflection and transmission functions. The statistical theory is, I'(c) = / s le=5ds. (5)
therefore, a natural tool for cloud studies [28]. 0

In this paper, we ignore the variability of cloud microphysicall holds that
properties (e.g., the size and shape of particles) inside cloués.
This allows us to concentrate on the influence of effects of COT /°° F(rydr =1
variability on cloud reflection and transmission functions. For 0 o
this, we need to make an assumption on the COT probability dis- ) . .
tribution function (pdf)f (). Generally speaking, the COT pdf Broken cloud fields, which are out of scope of this paper,
is not a contiuous function, but rather a discrete one. HowevER" be studied using other approaches (e.g., see Zuev and Titov
for the sake of simplicity it is usually assumed to be a continuo - . )
function. Satellite and airborne measurements show fthat Parameters;, and . in (3) have a clear meaning. Namely,
can be well represented by the lognormal, beta, or gamma disfa-SPecifies the mode optical thickness, whé(e) has a max-

bution functions [33], [35]. The gamma distribution is the modf?uM, and. is the half-width parameter. The distribution is nar-

convenient for theoretical studies. So, we will use the gamrf@Ver for larger..

distribution in this paper. Note, however, that there is a simi-
larity between gamma and log-normal distributions [19]. Also,
global optical characteristics of clouds are most sensitive to the pr =
average COT

(6)

Let us introduce the coefficient of variance

A $

()

The parameterp, is equal to the ratio standard devia-

__ [~ F(r)d (1) tion/mean and has a clear statistical sense. It is often called the
= 0 TIRTer inhomogeneity parameter. The pdf (3) is given in Fig. 1 for
various values of.. We have for the distribution (3)
and the standard deviation
1
T =To (1 + —> (8)
oo 1%
o = \/ [ -mrswan @ |
J0 Pr = - (9)
vVi+p
The particular choice of (1), therefore, is of a secondary im-  parameters andp. can be defined for any distribution func-
portance. tion f(7). Therefore, they are used in the discussion, which fol-

Taking into account mentioned above, we assume that  |gws.

Note that it follows from (8) and (9)
-

fr) = Drvexp (- ) © p= 072 =1L = (1- g7, (10)
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AL R R R A L B AL R lll. VISIBLE RANGE
Z':f . A. General Equations
ot - The information on the functiorf(~) allows us to study the

8 “r . - ] optical characteristics of inhomogeneous clouds in the frame-

£ 06r ] work of the independent column approximation, which neglects

< 05| . - horizontal photon transport. The reflectidhand transmission

E oal ™ . " e ] T functions of cloud fields depend ofyr). It is not correct

% w3l ", A 1 to assume thaR(7) andT'(7) give measured values of reflec-

8 | ] : tion and transmission. The relationship-measured signals with
0zr - ] the statistical distributiorf(7) is more involved. Also, the hori-
01k . zontal photon transport can complicate correspondent relation-
Y T S S A S SV SR ships. For large pixels (e.g., 3060 knT), the effects of hori-

zontal photon transport are largely canceled out, and measured

scene number values can be well represented by

Fig. 2. Values ofy for various scenes, defined by Barlaral. [3]. oo

R= [ R (11)

It follows thaty — oo, 79 — T asp, — 0, as it should be. 0

The value ofr for warm clouds is usually in the range 5-50 [50]and
The value ofp, depends on many factors, including the oo

averaging scale. Experimantal data for the value adf natural T = / T(r)f(7)dr (12)

cloud fields are rare. Nakajimet al. [33] found that the value /0

of p, isinthe range of 0.18-0.27 for cloud systems they Studiwheref(T) is the COT pdf. Equations (11) and (12) are of im-

(see Fig. 1). Their functiong(7) followed fairly well the log- portance not only in subpixel inhomogeneity influence studies

normal distribution in contrast to highly skewed distributiongor large pixels), but also in deriving mesoscale cloud radiative

with long tails for largerr, reported by Gorodetskgt al.[13], properties from measured COT fieldér), which is of impor-

King [17], and Heidinger and Stowe [15]. King [17] identifiedtance, for example, for climate change studies.

a multimodal nature of the distributiofi() for the cloud  Other statistical characteristics of random fieldér) and

system he studied with main modes, located atjual to 7, 33, 7T(r), which are determined by the statistical distribution of the

and 45. Our estimation of;, obtained from data of Heidinger COT, can be considered as well, e.g., we have for the coefficient

and Stowe [15] suggests that ~ 0.4 for their study. Data for of variance

p-, calculated from Barkeet al. [3, Table 1l], are presented in

Fig. 2. They were obtained analyzing 18 Landsat scenes, having Pz =

2048x 2048 (scenes 1-5) or 10241024 (scenes 6—18) pixels

at 28.5- and 57-m resolution, respectively [3]. Pixel values of Vhere

were inferred, using the standard cloud retrieval algorithm for oo

plane-parallel slabs [33]. We see that the valug.ofs in the Op = \// (z —Z)2f(T)dr. (14)

range 0.2-0.8 for cloud fields studied. The approximate cloud J0

field areaX. was 58« 58 knt’ [3] for each scene. Herex = R,z = T or any other relevant cloud radiative charac-

Note that some spectrometers on satellite platforms have {Bfstic. It is usually assumed in cloud properties retrievals that
spatial resolution, which is close to (or even larger than) valu@]

of ¥ reported above.

Thus, it is of importance to study the influence of the param- T = z(7T). (15)
eterp, on the cloud radiative characteristics. It will be done in
this paper assuming that = 1/4,1/3,1/2, which cover most
of cases presented in Fig. 2 (see also Fig. 1).

It should be pointed out, however, that our study has only a (7)
limited value as far as a subpixel cloud inhomogeneity is con- B,=1———= (16)
cerned. Indeed, the current generation of satellite imaging sen-
sors (e.g., see Kingt al.[18] and Nakajimaet al.[34]) has pixel for various cloud radiative characteristicsThis is also of im-
sizes of 1 km and even less than that, and therefore, thebiagortance for mesoscale cloud radiative characteristics studies.
is considerably reduced in this case. Also, the horizontal pixel The main idea of this paper is to study dependenBigand
inhomogeneity is of importance for small pixels, which is ngt,, on7 andp, for overcast clouds, based on the asymptotic ra-
accounted for in our model. On the other hand, some modetiative transfer theory valid as > 9 [17]. We study a large
spectrometers (e.g., [5]) have a large spatial resolution (emgumber of cloud characteristics, including the plane albedo, re-
30x 60 kn?). Then our analysis is relevant not only in respedtection function, cloud absorptance, and cloud transmittance
to mesoscale cloud properties studies but also for the estimat{eae Table I). Note that light field polarization characteristics
of influence of subpixel cloud inhomogeneity. can be considered in a similar way.

S

- (13)

T

This relation is correct only in the limj,, — 0 (see Fig. 1).
Thus, it is important to study biases



820 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 4, APRIL 2003

TABLE |
DEFINITIONS OF VARIOUS RADIATIVE CHARACTERISTICS[24], [30]. HERE, T* = 1/27 f(f" T (0,9, ¢)dp, R* = 1/27rf02" R(¥o, 9, p)dp, AND Fy IS THE
INCIDENT FLUX DENSITY. F'* IS THE TOTAL OUTGOING FLUX (“4” FOR THEREFLECTEDLIGHT FLUX AND “—" OTHERWISE). I+ 1S THELIGHT FIELD INTENSITY

(“4+" FOR THEREFLECTEDLIGHT AND “—" OTHERWISE). ¢, ¥}, ¢ ARE THE SOLAR ZENITH ANGLE, OBSERVATION ZENITH ANGLE, AND AZIMUTH, RESPECTIVELY

Radiative characterisic Symbol Definition
Reflection function R (90,7, ¢) Fo%:ﬂo
Transmission function T (Yo, 9, ) T,O—”c—g%
/2
Reflectance (plane albedo) R4 (%) FOfT:% = [ R*(¥)sin29d¥
0
w/2
Diffuse transmittance Ty (o) "Fo_fb_?% = { T* (9) sin 29d9
/2
Global reflectance (spherical albedo) r f R, (¥) sin 20ddg
0
w/2
Global transmittance t | Ty (9o) sin 200dd%
0
Absorptance Aq (%) 1= Ry (Yo) — Ty (Vo)
Global absorptance a 1—r—t
TABLE I

MODIFIED ASYMPTOTIC EQUATIONS OF THERADIATIVE TRANSFERTHEORY [20]. HERE, 1 = exp(—y) IS THE SPHERICAL ALBEDO OF A SEMIINFINITE LAYER.
Ruse = exp(—yKo(¥0)), Boe (Yo, U, ¢) = R, (Yo, 0, ¢) exp(—yu (Do, 9, ), u = Ko (V) Ko (90) /B, (90,9, ), & = 7/3(1 — 9)(1 — o),
y=4/(1—wo)/3(1—g), Ko(¥o) = (3/7)(1 4+ 2cosvy), v = 1.07

Radiative characterisic Symbol Equation
. . ROO (1907 197 (p) -

Reflection function R (99,7, ¢)

(roo — 1) Ko (9) Ko (o)
Transmission function T (90,9, ) tKo(9) Ko (o)
Reflectance (plane albedo) Ry (o) Rioo — (Too — T) Ko (¥0)
Transmittance T4 (Vo) tKo (%)
Global reflectance (spherical albedo) r sinh(z+vy) ex‘;&;&;‘jﬁ;’;(y) exp(-z-y)

. sinh

Global transmittance t Sh(@ o)
Absorptance Aq (%) 1 — Ry (%) — Ty (Po)

Global absorptance a 1—r—t

We also consider the relationships between biases of variousere
cloud radiative transfer characteristics (ef§r and Br, etc.). 5
The general form of such relationships can be easily found, V=
taking into account that a specific directional cloud radiative
characteristicc of optically thick cloud fields (e.g., bidirec- Equations (18) and (19) allow us to reduce the calculation of
tional reflection function) can be presented as a linear form (skiases for angular depend characteristi¢s the calculation of
Table I1) of the angular averaged valuexgfwhich we denote  biases in the values of angular integrated characteristigsich
we can consider as an important result of this study. Numerous
z(1) = a + Bs(1) (17) specific results of such relationships are given below.
We also note that it follows due to a linearity of (17)

wherea and 5 depend on the viewing and illumination geom- ‘

(19)

5+ 4

By
B;

— P (20)
Ps

etry (see the Tables I-Ill), but not en Note that parameters
and g differ for differentz (see Tables I-lll). It follows from

(16) and (17) that Therefore
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with the same value of as in (18). This means that it is enoughs the confluent hypegeometric function of the second kind [23]
to consider the relationship between biases. Relationships bed

tween coefficients of variance are similar in form. The differ- dvv .

ence arises only due to the fact that biases could be negative = F(1=g) v=1+p=p". (32)
and positive. By definition, coefficients of variance are positive ‘ ~

numbers [see (13)]. We see, therefore, that valuestoB3,, andp, are determined

Note thaty = 1 (and thereforeB, = B, andp, = p,) at by two parameters, namelyandz, which are related tp, and
« = 0, which is the case, for example, for transmitted light (see Using the asymptotical behavior of the functide, ¢, z) at
Tables I-111). This means, in particular, that biases for transmigmall z, we obtain ag — oo

sion function, diffuse transmittance, and global transmittance _ 4

coincide in the case of optically thick cloud fields. We consider t= 37(1 — g) (1 — p2) (33)
this point in some detail in Section 111-B. B, =p? (34)
B. Light Transmission pp=——— (35)

V1=2p2
The cloud transmission function does not depend on the az- i pT, ) o
imuth ¢ for optically thick clouds and is given by the following Therefore, the problem of finding biases for the transmission

approximate equation in visible, where light absorption by watfnction 7’ and the diffused transmittande is reduced in the
droplets can be neglected [21], [51] case studied to the same problem but for the global transmit-

tancet. This allows to avoid geometric considerations (e.g., the
T(r,&,m) = Ty(t)Ko(n) Ta(r) = t(1)Ko(€) (22) accountforanglesy, 9, andy). Also, it means that biases in the
transmissioril” are angular independent. They are determined
only by valuesr andp.- in the Gamma-independent column ap-
3 proximation studied here.
Kol6) = ?(1 +2) (23) FunctionsB;(7) andp;(7), obtained from (29) and (30), are
and presented in Fig. 3(a) and (b)at = 1/4,1/3,1/2. We see that
1 both B;(7) andp; (7) increase withr. They tend to asymptotic
Hr) = . (24) limits, given by (34) and (35), respectively, as— co.
0.757(1 = g) +v The biasB; is positive. It means tha{7) < 7 [see (16)]. One
Heret(r) is the global transmittance (see Tables I-lil). Hergoncludes from Fig. 3(a) thdl; can reach 20% &t = 100 and
v & 1.07, & = cos(ty), n = cos(¥), ¥, and, are observa- £~ = 0.5, which is not a small number as far as climate change
tion and incidence angles, respectively, grie the asymmetry and cloud remote sensing algorithms are of concern.
parameter of a cloudy medium, which is assumed to be equal . . .
to 0.85 throughout this study. The value’fif(r) is called the < Light ReerFt|on -
diffuse transmittance (see Tables I-l). Using results given in Let us consider now quantities (11), (13), and (16) for the

with a high accuracy. It follows approximately [46]

Section IlI-A, we easily obtain reflected light. For this we note that the reflection function of
_ optically thick clouds is given by the following expression in the
T'=tKo(§)Ko(n) (25)  visible, where light absorption by clouds can be often neglected
Br =Br, = B, (26) [20], [51], [52]:
pT = PTy = Pre @7 R m e, ) = RL(E @) — U Ko(O)Ko(m).  (36)

We see, therefore, that the bias of the transmission functigy definition, R%_ (¢,7m,¢) = R(¢,n,¢,7 — oo) does not
Br (and also the diffuse transmittance bias, ) is equal to the depend onr. So we have taking into account results given in
bias for the total transmittande;. The same is true for coeffi- Section I1I-A
cients of variance. This is due to the proportionality of functions

T and7} to the value ot and the independence of the function R(&,m,,7) = R, (&,m,) (1 — ul) @37)
Ky(¢) onr. Br = —MB; (38)
We have fort, B;, andp; [see (12), (13), (16), and (24)] in pr =|M|ps (39)
the case of the Gamma distribution (3)
where
T =0v""2"V(v,v,2) (28) ul
B, =1 ! (29) M=1"a (40)
=1 — — U
' (1+ %)z U(v,v, 2)  Ko(&)Ko(n)
U= (41)
_ V(v —1,2) ) (30) R (&:m, )
pr= YU (v, v, z) ) We see, therefore, that the problem of finding biases for the

reflection function is reduced to the problem studied in Sec-
tion 1lI-B. So, having information ort, B;, and p;, one can
1 < (=lexp(—2() a1 easily deriveR, Br, andpg. For this, also, we need to know
T(e) Jy (A4 )1He—¢ ¢ (31) the functionR?, (¢,m, 0) = R(&,n, o, 7 — o0) (.9., see [31]).

Here

V(e ,2) =
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(a) Fig. 4. Dependence of the amplification coefficiéit on the parametér =
ut [see (40)].
0.6 T T T T T T T T T T
1/2 T T T T
1.45 | 4
05 | 4 T
1.40 | 4
04| B
[0} 1.35 - E
2
°© 1/3
5 / [ 3
> 03 1.30 | 4
5 03 // —
o / 1/4
© : 1.25 | 4
Qo .
8 p
1.20 | 4
n 1 n 1 L 1 L 1
o1 bk i 0 20 40 60 80
solar angle, degrees
Fig. 5. Dependence(v, ), obtained from (41).
0.0 P I N N S |
0 20 40 60 80 100 .. . .
. ) mission, but negative for the reflection. Inhomogeneous clouds,
average optical thickness

. therefore, reflect smaller amount of light as compared to homo-
®) geneous clouds with the value of= 7. The opposite is true
Fig. 3. (a) Dependencie,(7) > 0, B.(7) < 0 (in percent) ap. = 1/4,  for the transmission, which increases for inhomogeneous cloud
1/3, 1/2. (b) The dependenpe(T) atp. = 1/4, 1/3, 1/2. -
fields [52].
The dependencieBg(7) andpg(7) atp, = 1/4,1/3,1/2,
This function practically does not depend on the cloud micrebtained from (38) and (39), are given in Figs. 6 andly €
physical parameters and can be considered as a universal fif€; ¢ = 0°). As expected,Br| decreases witff . It increases
tion in most of cases [19], [20]. with p,. However, the bias is not negligable for smalee.g.,
We present the amplification coefficief, given by (40), in it is 8.5% at7 = 10 andp, = 0.5 (see Fig. 6). Such biases
Fig. 4. It increases from 0 to 1.5 while= uZ changes from 0 cannot be ignored in satellite cloud retrival algorithms, based
to 0.6. For optically thick cloudd, is usually a small number, ©n the passive remote sensing techniques.

andM < 1, which means thaBx andpy are smaller thab3r Let us briefly consider the case of the diffuse reflectance and

and pr, respectively. Clearly, for semiinfinite clouds, we havépherical albedo (see Tables I-ll). Then we have

Br = Oand-pR = 0. - . . Ed(f)zl_iKo(f) (42)
The function u(¥y) at nadir observation [see (41)] is Br — _NB

given in Fig. 5, where we used the analytical expression for

RY, (99,9 = 0), given by Kokhanovsky [20]. The value of pr = [N|pe (44)

u [and thereforeM; see (40)] generally decreases with thghere
solar zenith angle. Thus, low sun will lead to smaller values of K (6
|Br| andpg [see (38) and (39)]. This can produce unphysical N = °—<£>t_
dependencies(dy) in operational cloud retrieval algorithms. 1— Ko(§)1
We see thal/ > 0. This means that biases for reflection anéiere we accounted for the fact thdj.. andr.. (see Table IlI)
transmission have different signs. They are positive for the trarege both equal to one for nonabsorbing media [19]. We see again

(49)
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reflection function bias

Fig. 6.

Fig. 7.

14

3.

12

0 20 40 60 80
average optical thickness

Dependenc8x(7) (in percent) at, = 60°, 9 = 0°.

04 ————F————T——

172

03 - —

coefficient of variance

0.0 L 1 L L " L L 1 L L

0 20 40 60 80
average optical thickness

100

Dependencer(7) (in percent) at), = 60°,9 = 0°.

TABLE Il

AVERAGE RADIATIVE CHARACTERISTICS(Ajoo =1 — Rioo, oo =1 — 1)

that the multiplierN > 0 as in the case of reflection function.
It follows for the spherical albedp and valuesB,. andp,. (see

R= R — (reo — ) Ko (9) Ko (%)
Ri= Rico — (Too —T) Ko (%)

T 1Ko (8) Ko (do)

Ti= 1Ko (%)

Ay = Adoo + (@ — o) Ko (90)

a= 1-7-1

Tables I-1I)

where

le—i BT:—LBt Pr:LPt

‘H—I

(46)

(47)

823

The dependenc8,.(7) is given in Fig. 3(a). We see that it
is negative andB,.| < |Bi|. Thus, effects of clouds inhomo-
geneity are more important in the transmission than in the re-
flection for a special case of overcast cloud fields considered
here.

We undeline once more that biases of different radiative char-
acteristics are not independent. The analytical relationships be-
tween them are given above.

IV. NEAR-INFRARED RANGE

Let us consider now the near-infrared range, where cloud par-
ticles absorb incident solar light. The exact asymptotic theory
leads to quite complex expressions for reflection and transmis-
sion functions, if the value of the single scattering albedo
is arbitrary [51]. Howevery, is close to one for clouds in the
near-infrared region of the electromagnetic spectrum [19]. It al-
lows to substitute exact asymptotic formulas by more simple
relations almost not loosing the accuracy [20], [52]. These re-
lations will be used in this section to consider the case of ab-
sorbing inhomogeneous clouds. They are given in Table Il. Cor-
respondent equations for various average radiative transfer char-
acteristics are presented in Table Il

We see that radiative transfer characteristics of inhomoge-
neous clouds depend ab\.,, 7o, 7, ¢, and Ko (9y). Functions

R, Ko(¥9), andr,, are given in Tables I-Ill and
F= / r(r)f(r)dr T= / Hr)f(r)ydr  (48)
0 JO
where [20]
_ sinh(z 4+ vy) exp(—y) — sinh(y) exp(—z — y)
r(r) = sinh(z + vy) (49)
and
_ sinh y
Hr) = sinh(z + vy)’ (50)
Herev ~ 1.07 as specified above and
_ — — _ (1 —wo)

Itis easy to show in a full anology with results obtained above
that

Br =PB, Bgr,=QB, Br=DBr,=Db; (52)

where
TU Q . 7K0(190)
1= (re —T)Ko(¥o)’

Expressions similar in form hold for coefficients of variance
[see (21)].

Let us introduce also the absorption functién=1—- R - T,
the absorptancd,; = 1 — Ry — Ty, and the global absorptance
a = 1—r —t. The value of4,; gives a fraction of solar energy
absorbed by a cloud field for a given sun zenith angle. Then we
have

P =

(53)

1— (100 —T)u

A=1-R-T Zdzl—ﬁd—ﬁd a=1-7—-1 (54)
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Fig. 8. (a) Dependenc,(7) (in percent) at the probability of photon
absorptions = 0.01, the asymmetry parametgr= 0.85, andp, = 1/4,

Fig. 3(a) for nonabsorbing clouds. The dependdi€7)| has

a maximum, which is located approximatelyrat 30 for the

case studied. The fact tha, (7) < 0 points out that inhomo-
geneity of clouds leads to the decrease of the cloud absorption
as compared to the case of homogeneous clouds with the same
average optical thickness  a(7)).

V. CONCLUSION

The study of the influence of the horizontal inhomogeneity
on cloud radiative characteristics are usually performed using
Monte Carlo techniques, which are computationally very expen-
sive. They are related only to the specific cases computed. Other
approaches (e.qg., the two-flux approximation) are characterized
by a poor accuracy and are limited to the calculation of light
fluxes.

In this paper, we propose the use of the asymptotic equations
of the radiative transfer theory, which are valid-at 9, in com-
bination with the independent column approximation to study
the influence of the horizontal inhomogeneity on the radiative
properties of overcast cloudiness.

Final formulas (e.g., see Tables |-lll) are simple and allow for
arapid estimation of cloud inhomogeneity effects in the asymp-
totic limit of large . In particular, we confirm that cloud inho-
mogeneity leads to the increase of transmission and the decrease
of reflection and absorption as compared to the case of homoge-
neous clouds with the same average optical thickness. This may
complicate so-called cloud absorption paradox [39], [47], [48]
and have an importance for climatological studies.

We find that biases for all radiative characteristics studied can
be expressed via the bids (or B,.) in the case of nonabsorbing
(e.g., in the visible range) optically thick clouds. For absorbing
clouds (e.g., in the near-infrared range), we have established re-
lationships between biases of angular integrated and directional

1/3,1/2. (b) Dependenc. (7) (in percent) for the same conditions as in (a) quintities.

and
B4 =VB, Ba,=WB, (55)

where [see (19)]

a a
V=giz "~ 37eo (56)
Here
=_1—-Re - Ao Ko(&)Ko(n)
- Ko(§)Ko(n) 7
_ 1- Rdoo - aooKO(g)
9= Ko(&) 1)

andac, = 1 — 7.

The procedure for calculation of averages given here can be
used to improve radiation blocks in modern global circulation
models for the case of overcast cloud fields.
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